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TECHNICAL SUMMARY 

The goal of this program is the generation of coherent vacuum ultra- 

violet and soft x-ray radiation.  During this reporting period our efforts 

have been concentrated on three frequency summing in Ne, described in Sec- 

tion II. 

Our studies of the feasibility of using optically induced energy ex- 

change collisions for short wavelength lasers has been suspended in order 

to concentrate our efforts on the harmonic generation scheme.  In addition, 

we no longer believe that the previously reported experiment can be con- 

sidered a demonstration of optically induced collisions. Details of the 

difficulty are given in Appendix A, the text of a paper presented at the 

International Conference on Tunable Lasers and Applications.  Further ef- 

fort at demonstrating the effect is continuing under the Office of Naval 

Research and the U.S. Energy Research and Development Administration 

sponsorship. 
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II.  HARMONIC GENERATION OF E^TPPUT , 0t  I::XTREME UV RADIATION 
(K. S. Hsu, L. J. Zych j F v yen, j. F. Young^ and s# E> ^^.^ 
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power level can be adjusted easily. In addition, because the sum wave- 

length lies just above the Ne (Us) levels we will be able to phasematch 

the process as described in the last report. We have found a measurement 

of the neon (5s-?p) oscillator strength.  Using this value of 0.0^, we 

estimate a single coherence length power conversion efficiency of 8.5 X 

10*^ from 10,61+0 X to 626 %   yielding a signal-to-noise ratio greater than 

100. Since 10,6^0 R radiation is only 500 cm" above the neon (5s-5p) 

transition, the power density of 10,6'i0 X at the interaction zone must be 

limited to 5 X 10° w/cm to avoid a level shift which would destroy the 

resonance. 

The spatial and temporal overlap of three laser beams with widely 

differing f -rquencies is a difficult technical problem.  The LiF prism 

äoheme tha« was proposed previously proved to be impractical, primarily 

because the absorption coefficient of the LiF crystal at 1182 A was mea- 

sured to be 12/inch, much larger than expected. Also, it took a very 

sophisticated procedure to position the 1520 S radiation after it went 

through the dispersive LiF prism. A schematic of our present scheme is 

shown in Fig. 2. A mode-locked Nd:YAG oscillator-amplifier system, plus 

KDP crystals provided two separated, but synchronous JO ps pulses of 55^7 A 

radiation. 

A Xe:Ar cell, and a Cd:Ar cell will generate 1182 X and 1520 R, re- 

spectively; since both wavelengths are strongly absorbed in air the re- 

maining beam paths are in vacuum. No suitable dielectric coatings exist; 

therefore, tbe two beams are simply combined with a 2 ram thick LiF plati. 

Since we do not introduce any dispersive elements we can combine the two 

beams by ordinary photodetector methods. 
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Temporal synchronization will be adjusted using two separate beam 

delays.  A standard corner cube delay in the 1520 X channel will be used 

to compensate for gross length differences between the two beam paths. 

The Kr cell serves as another delay device, which will delay 1182 S in 

respect to 35^7 A. The separation of these two radiations is essential, 

since the UV (35^7 X) can ionize neon atoms from the 3p state, thus de- 

stroying the coherent excitation and nonlinear susceptibility.  From the 

extrapolation of refractive index we estimate that one atmosphere of 

krypton will delay 1182 X relative to 35U7 X by 2 - 3 picoseconds per cm. 

During this period we have constructed a system to observe the Ne 

(3P-3B) fluorescence. As described earlier, this measurement should 

allow us to monitor and adjust the crystal experimental parameters with- 

out relying on the 626 X generation process itself.  The system consists 

of side-viewing collection optics, filters, a l/2 meter grating monochrometer, 

and a sensitive photomultiplier. We have calibrated the system and verified 

our ability to see signals of the expected level.  During the nixt period we 

will be using this system to verify our experimental variables as we attempt 

to generate 626 S radiation. 
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Laser Induced Collisions 

S. E. Harris, D. B, Lidow, R. W. Falcone, and J. F. Young 

Edward L. Ginzton Laboratory 
Stanford University, Stanford, California 9^505 

We describe processes where one or more photons are utilized 

to conserve energy between the initial and final states of 

colliding atoms.  Energy transfer is thus initiated, and 

directed to particular states, by the optical radiation. 

A substantial difficulty with our previously reported ex- 

perimental confirmation is described. 

Introduction 

If the energy defect of an atomic process AE is large with respect to ■ 

kT , then the cross section for collision or chemical reaction will be 

quite small.  In this paper we consider collision processes where one or 

more photons are utilized to conserve energy, i.e.,  nf/i) s ^E  .A proto- 

type system is shown in Fig. 1.  Energy is first stored in the designated 

s state of the A atom.  During collision of the A and B atoms an 

electromagnetic field at frequency Äü causes the A atom to make a vir- 

tual transition. Long range dipole-dipole coupling between the two atoms 

causes this excitation to be transferred to the B atom to complete the 

excitation. Energy transfer is thus initiated or "switched" by the pres- 

ence of the optical radiation.  'Hie possibility of collision processes of 

this type have been predicted by GUDZENKO and YAK0VLENK0 [1] and by HARRIS 

and LIDOW [2]. Recent theoretical work is given by PAYNE and NAYFEH [Jj, 

GELTMAN \h],   and GEORGE, et al. [J],  Though an apparently successful ex- 

periment has recently been reported by LIDOW, et al. [6], as will be de- 

scribed subsequently, we no longer consider this experiment to be a demon- 

stration of this effect. 
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Optical processes involving the near simultaneous collision and absorp- 

tion of photons may be considerably mr e general than that shown in Fig. 1. 

They may Involve the absorption of several photons instead of one photon. 

They may Like place between states involving dipole-quadrupole or quadrupole- 

quadrt'pole coupling.  Processes involving charge exchange collisions, spin 

exchange collisions, and even free-bound reactions are possible. 

Collision processes of this type may have application to the construc- 

tion of short wavelength lasers, to the mapping out of interatomic poten- 

tial surfaces, to the developmnnt of radiative collision and Raman lasers 

and frequency converters, and to the initiation of selected chemical reac- 

tions . 

In the following sections of this paper I will describe these processes, 

summarize the theory as it is known to date, and describe a recent experi- 

mental attempt to observe a laser induced collision in a mixture of Sr and 

Ca. 

Theory 

I will first describe these effects from three related viewpoints.  The 

firct of these is the virtual transition viewpoint shown in Fig. 2. Assume 

first, that energy is stored in an excited s state of the first atom.  In 

the presence of an electromagnetic field this atom makes a virtual transi- 

tion. Excitation is then transferred to the second atom via dipole-dipole 

coupling. The process is thus described as a virtual electromagnetic 

transition followed by a real collision.  Now consider the reverse process 

where energy is stored in the upper p  level of the second atom, and rad- 

iation at the same frequency tta    is again present. As the atoms approach 

each other they each make virtual transitions in the opposite direction to 

the arrows denoted by  0  . The process is coraplcted by the emission of 

a photon of frequency ito  . The overall process is thus described as a 

virtual collision followed by a real emission.  For collision velocities 

high enough that a straight-line trajectory is a good approximation, the 

collision cross sections for the forward and reverse processes are equal. 

We next consider the process from the viewpoint of an electromagnetic 

transition between the states of the quasi-moleculc which is formed during 

the time of a collision between an A and B atom.  Fig. 5 shows the 

energy of the quasi-molecular state as a function of the distance between 

12 
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tha MllWlng .to». The !.»« .t«e rcpr.acn« th. .» '"«^' " « 

«„a! .«», —o B 1. excite, and A 1« at 6r„Uad. IMS viewpoint 

Xeavca oat rte .yaa-ica o. th. Intemediat. .täte a„a is the. act al»ays 

correet. In any case It Is so»cv,1,at „Islaadiag. .stag statloaary par- 

tartatioa t.aory ana eeWete. a »trl. alc^aat „atwaaa tha ialtlal aad 

L.1 statas of tha ^asi-aolaaala. Siaaa tha s^ara a£ this natrxx a! - 

„ant varies as l/R6 , oaa ^i.ht at flr.t a.paat tha alactva.agaat.aab- 

aarptian ta laaraasa ia streagth as tha .torn, epproech each other, aad 

thus expect a bread iinawidth (at laast savaral hundred «.vender.) e. a 

iaaatiaa ai tha aaargy af tha iaaidaat photon »> . Mara axaat aaalysra 

shawa that tha sqUara af tha aHactiva intaraatiaa tlB. ba»aaa tha ool- 

Udiag spacics varies iavarsaiy as tha slapa a£ tha ralativa aaargy dif- 

faraaaa o£ tha iaitial aad final statas aad thus lacraasas as R  • Aa 

additiaaai R2 depend.no. is totroduo.d whaa iatagratlng avar tapact 

para^atar. «a wiU saa that tha liaawidth far tha dipaia-dipaia pracass 
j   i  „.- <-^/% n -- co pner^v separation or the is in fact quite narrow and peaks at the R^ ener^ 1 . 

rollidine atoms, 
PoUo'lne tha rausauing af Hg. 5. ana axpeats tha 00IU.I0« cross sa- 

tlon to paah at tha R - » eaargy aaparatiaa for dipaia-dipala aa dlpole- 

„uadrupote praaossas. Par ^adrupala-^uadrupola, spin axahaaga, aharga ax- 

Laga. aad fr.e-bound praaassas a p.a. at tha R = - frequaaay rs not ex- 

"Ta'third viewpoint is ad boo. In this viawpaiat the alactraa,agaetic 

«aid applied ta ato» A eauses an effective par ata» dipala «o»eat at 

the .- fraqua„cy af the eaargy stared in ato» A aad tha applied field 

Each A .to. paasasses a „ear alactric field aftea ma„y orders of .agar- 

tud. larger than the „aoro.ooplo electric field. As aa A ato„ passes a 

B ato» aa alactro,„agnetio tranaltlon of tha B atom rs Induoed  The 

phasing evaat allaving the transition is simply the passage of tha 

IL b the B atara; and tha expected Une»idth of the pracass rs roughly 

e ra iprocal af the trnn.it tl*e, or about 1 ^  at thermal v.lool 1. . 

T „o„ give a brief doseriptian of the theory. Th» overall proce ore 

to apply perturbation theory at fixed Interatomic separation R , to Int.- 

grata olr H(t,  for fixed iBpaot parameter 0 aad velocity    > an do 

hen integrate over 0 and V . Th. prineipnl ae.-ptl». are that the 

Clllalon. era slow oompar.d to the orbiting velocity of an olectran, and 
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that the net energy defect is  small compared to the incident energy of the 

particles, thus Implying that the trajectories are unchanged. We work in 

a basis set of product eigenfunctions of the separated atoms.  Thus 

ii< =  >  c (t) u exp -IE t/h 
/ /  nv y  n  '   J n ' (1) 

The u  are the product eigenfunctions of the atomic states and the E 

are the sura energies. 

The classical interaction hamiltonian is 

2 e x^ 
11' = ex^ + expE +  7—^ 

1 IT 
(2) 

where x1  and xr  are the local coordinates of the electrons of each atom, 

E is the applied electromagnetic field, and R is the distance between 

atoms. The first two terms represent the Interaction of the electromag- 

netic field with each atom separately while the latter term gives the 

dipole-dipole coupling between the two atoms.  Following the notation of 

Fig. 1 we assume three pertinent product states,  c.  is the amplitude of 

the product state whose energy is the sum of the storage s  state of the 

first atom and the ground state of the second atom. Cp is the amplitude 

of the p state of atom A and the ground state of atom B , while c7 

is the amplitude of the upper p state of atom B and the ground state 

of atom A . We consider the on line center case where fru = the energy 

defect £E • Substituting  into 
• 

öc1 1 \i    E 
£„  exl'   J'-^t 

ht jh 2       ^ 

hc? 
- 

1 

jh 

Al- 

ht 
— .... Q    exp  -  j'-*u 

2 

oc. 
- 

1 
A2 15 

5t 
.... c     exp  j. sue 

A2 B 
M V- 

jh R5(t)  5 
cv  exp - jAut 

(5a) 

(5b) 

(5c) 
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An is the energy separation of the upper p levels, as shown in Fig. 1. 

,iA1 , ,iA2 , and (x
B are defined as: (i

A1 « (l|x]LI?)A , M
A2 - (2|x1|o)A , 

and     nB -  (l|x2|0>B     . 

If  the  relative  rate of change  of    c..   ,   c    ,   and     l/lr(t)     are slow 

compared  to    A»    then   (jb)  may be  integrated and  combined  into   (ja)  and 

(3c)   to yield coupled  equations  between the  initial  and  final  states. 

These  two coupled states  have  an effective  interaction hamiltonian 

H 
13 "    ^ 

u    E 

2iVto, 

A2 B 
M    M 

R5(t) 

By varying the strength of the electromagnetic field E , the strength of 

the interaction hamiltonian may be varied.  By varying the frequency of 

the electromagnetic field an effective curve crossing may be created at 

arbitrary R 

By a change of variable of the form 

c.    =    a.  exp 

t 

/ 
-03 

R6(t) 

(3)  become 

öa1          H^ 

öt          jh    ^ 

j 

il 

—«1 _ —^ a 

öt      j» 
2Xp 

j 
~dt 
) 

(^a) 

(lib) 

In these equations I have neglected a small ac Stark shift which for the 

power densities which we will consider will be (at most) a few tenths of 

a cm  .  The (relative.) van der Waals constant C^  includes not only terms 

which come directly from (3), but also all other contributions pertinent to 

the difference of the energy shifts between the initial and final states. 

Ulis shift is quite important and sets the minimum impact parameter which 

contributes to the interaction. 

Ww now examine the weak-field case where for all impact parameters we 
?      —P  P  i 

may neglect the depletion of a.  . We take R(t) ~ [p + V t ]s 

We assume a constant impact parameter p and integrate (kh)  over 

t - - " to t " + «  . Tor impact parameters such that the exponent in 
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('(b) is less than about 1 radian, the trauüition probability as a function 

of impact parameter is 

/ Al A? B v2 

ft   \  ArVp'' / 

The cross section for collision is now obtained by integrating over all 

■impact parameters from p  to inTinity, or 

C-j 

cr 
c 

^r f     Ia(p)I2 pdp 
po 

Combining the above we obtain the result 

/   Al A2  n   v 2 
TT      /p    |i    iiJjE\ 

a  = IF   -=  (6a) 
ft  \  VAup,  ' 

0 

where 

1  +C0    r v    I A2I2I B|2 1    r     c6 37T   hi   i |p I 
"   /   ~S~Tdt:  ~ ?-    q      =   1 (6b) 
ft ^  R (t)       8   ft VA-üp^ -co     ^ ' K0 

The second part of (6b) determines the minimum impact parameter p  which 

is to be used in (6a). 

If we assume that all involved transitions have relr.liively large oscil- 

lator strength, then at thermal velocities, p will typically be greater 

than 10 A and the details of the atomic potentials for small interaction 

distances need not be considered.  For Aa> s 50C0 cm'  , typical predicted 
-2^ P   / 2   2 

collision cross sections are about a = L) X 10        —  (W/cm ) cm  . Thus 
c   p      A  ' 

an incident power density of about 1 MW/cm is required to obtain cross 

sections of atomic dimension.  Thoiigh I will not go into detail here, it 

is expected that the cross section for collision       ntinue to increase 
2 

linearly with power density until reaching appro        7TPn  . We be- 

lieve that collision cross sections as large as lU ; cm should be ob- 

tainable, and experiments to demonstrate such cross sections are under- 

way . 

To this point we have considered the cross section for collision in- 

duced by a laser tuned to the  R = «>  frequency of the separated atoms. 

The expected line shape as a function of the frequency of the transfer 

laser is of considerable interest.  If it were not for the dependence of 

the cigenenergies of the quasi-mol-ccular states on the interatomic spacing 

then the line shape for transfer would be a first order modified Resscl 

- 18 - 
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function of the third kind with argument:  (^Afp^)  , where Af is the 

frequency defect.  For a situation such as that in Fig. 5 where the energy 

level of the lower quasi-molecular state falls faster than the upper state, 

a quite rapid fall-off is expected on the low frequency side of the R - - 

frequency. On the high frequency side, the tunable laser in effect causes 

a curve crossing at arbitrary R  . One might intuitively expect a sharp 

fall off on the red side, and a slowly varying tail, on the blue side. 

Further work - both theoretical and experimental - is necessary. 

Experimental Results 

In a recent experiment, we attempted to demonstrate a laser induced col- 

lision in a mixture of Sr and Ca [6]. The system studied is shown in Fig. 

U.  The collision process is described by 

Sr(5p1P0) + Ca(Hs2 1S) + ft«(6H09 ^) -    Sr(5s2 1S) + Ca^D)        (7) 

Energy was first stored in the radiatively trapped 5p P level of Sr I. 

This level was populated by two-photon pumping of the 5d D Sr level, fol- 

lowed by radiative decay.  Inelastic collision to the kd  D level of Ca I 

should be produced by a second laser beam at 6U09 Ä. ^ ^ 

During collision of an excited Sr^p1?0) and a ground state Ca^s  S) 

atom the strong dipole-dipole coupling of the (5p-5s) Sr transition and the 

(VHs) Ca transition causes a virtual transition of a Ca atom.  Absorption 

of the 61109 %  photon completes the Ca excitation.  The process is thus 

viewed as a virtual collisional excitation, followed by a real absorption. 

For this experiment,  i^ü = 195^ cm"1  , and (6) predicts  P0 -  l6.7 %    , 

and cr - 2.9 X 10"23 ~ (w/cm ) cm  . 

We now believe that the previously reported experiment [6] can no longer 

be considered a demonstration of these effects. The difficulty arises due 

to the presence of a transition at 6^03.5 %  within the triplet series of 

Sr (see. Fig. M- This transition differs by only .1 I  from the interatomic 

frequency of 6!i08.6 R, and is beneath our resolution. A possible (and 

likely) artifact path now consists of collisional transfer from the Sr 5P 

to Sr !ul5ü levels, followed by laser excitation at 61.03.5 X and collisional 

transfer to the Ca Ld1!) level.  The reported linearity with 61.09 I  power 

density up to about 10Y w/cmR might be explained by a process of (saturated) 

selective laser excitation, followed by Ionisation and charge exchange with 

Ca. - 10 - 
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Our ecnt-ttv. ccclusloa that the ^rl«nt I. no Ung.r v.Ud 1. based 

prta.rll, on the ohservatloe of C. 7326 X fluere.eenc. of co.?.r.h . «gnl- 

Ude vhen the tr.n.fer le.er Is  ton«, to 61,09 % or to other lines  in the 

eamc triplet series. 

Further experimental work on the 

terns is now underway. 

Sr-Ca system and on other related sys- 

Applications 

I „ill now briefly describe a number of potential applications and devices 

Which may result from collisional processes of this type. We first con- 

sider a radiative collision laser [1]. A schematic of a radiative colli- 

sion laser is shown in Fig. 5-  In a laser of this type energy would be 

store 1 in the radiatively trapped resonance line of Sr.  During collision 

Witb a T£ atom, a Sr atom would be de-excited while a U  would be excited 

from ground to the Ti 6^   [1^] level. A photon at 7190 * would exper- 

ience gain rather than loss.  The gain coefficient g is related to the 

collision cross section oc according to 

W^c (0) 

P/A 

«here NA  and N, are the number density of the two species.  If we take 
A ]6 

a a 10"22 P/A , N
A ^ 

10  atom»/««  , "g 
c ' '   .5 ^/8ec f   We find a gain cross section of 

atoms/cm5 , NR -   K)19 atoms/cm5 , co . 105 

radians/sec , and V « 10y  cm/ 
0 1 cm"1    This number is somewhat optimistic for a typical system. 

A laser of this type may be of practical interest for two reasons:  First, 

is the attractive possibility of radiatively trapped resonance line storage, 

Second, is the variable gain cross section provided by varying the number 

density of the second (ground state) species. 

Though most of the discussion of this paper has been concerned with a 

single-photon transfer process, all ideas continue to hold for a multi- 

photon process.  By storing energy in high lying states of atoms or ions, 

and then using multi-pboton processes with the intense VUV light sources 

now available, it should be possible to reach states to at least the 100 % 

spectral region. 
' coherent eclUsioneU, iodnced to» processes such as that shown „ 

Fl.. 6 m., he of interest for op-conversion of Ion, «V.U.** radiat.on. 

- 21 - 
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RADIATIVE COLLISION LASER 
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7190 A 

I 

Ti 

7s  2S 

sp2por
Lii] 

5s    S 6p2P0[0i] 
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This process is alternately described as a colllslonally aided Stokes pro- 

cess which allows an output frequency higher than the input frequency, or 

alternately as an anti-Stokes process in a quasi-molecular system. The 

ability to demonstrate processes of this type will be dependent on achiev- 

ing high number densities of the ground state species. 

Other areas of application of these processes include the selective 

ionization of innershell electrons, laser j.nduced charge transfer colli- 

sions, and perhaps radiative charge transfer lasers. 

Laser induced collisions may someday allow one to direct the flow of 

energy and thus to influence reaction rates of general gas phase kinetic 

processes. 

The authors acknowledge many helpful discussions with Dr. David Bloom, 

Mr. William Green, and Mr. Jonathan White.  We wish to thank Mr. Ben 

Yoshizumi for help with the experiments reported here. 
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List oi Figures 

1, Schematic of laser induced collision process. Energy is stored in the 

s  state of atom A and may be rapidly transferred to the uppei" p 

state of atom B 

2. Virtual transition viewpoint of laser induced collisions,  for flow of 

energy from the left- to the right-hand atom,  he process is best con- 

sidered as a virtual electromagnetic transition followed by a real col- 

lision.  For the reverse process, we view the process as a virtual col- 

lision followed by a real transition. 

5. Quasi-molecular viewpoint of laser induced collisions. A photon of 

frequency ftü causes an electromagnetic transition between the initial 

and final state of the quasi-molecule. 

U. Energy level diagram for Sr-Ca induced-collision experiment. 

5. Energy level diagram of a possible rddiative collision laser. 

6. In a coherent collisional Raman process gain is obtained at the Raman 

output frequency.  Note that atom A need not be inverted, and that 

the frequency of the Raman 01 ^put may be higher than that of the 

pumping frequency. 
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